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ABSTRACT PAGE
This work describes the synthesis of poly(phenylene vinylene) derivatives and their 
subsequent functionalization with photochromic spirooxazine. The effects of different 
reaction conditions for the Gilch polymerization technique are examined, and a general 
procedure to successfully create poly(phenylene vinylene) polymers with varying amounts 
of bromine functionalization is proposed. After polymerization, two different reactions were 
carried out to attach the photochromic compound spirooxazine to the poly(phenylene 
vinylene) backbone: a SN2 Williamson ether reaction and a click reaction known as the 
Huisgen 1,3-dipolar cycloaddition. Absorbance and fluorescence studies were conducted 
on all collected products, and several of the click reaction products showed definite 
photomodulation. These results, combined with preliminary nanoparticle studies, suggest 
we may have obtained the ability to selectively quench the fluorescence of the polymer 
backbone using light signals, and have thus successfully bound the spirooxazine 
compound to the poly(phenylene vinylene) backbone.
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1Background
Poly (phenylene vinylene) (PPV) is a conjugated polymer that has been a subject
of great interest in the study and application of photochemistry. Due to their photo- and
electro-luminescent qualities, conjugated polymers such as PPV and its derivatives have
many practical uses such as organic LEDS, photovoltaic devices, biomedical imaging,
1
field effects transistors, and electrochromic devices. ‘ PPV was actually the first 
conjugated polymer to show electroluminescent properties, and due to its good film- 
forming properties, it remains one of the most frequently used polymers in LED 
development today.1 We are specifically interested in manipulating the fluorescence of 
PPV using a light signal, which can be done by attaching a photochromic molecule onto 
the polymer backbone. A photochromic molecule has the ability to undergo photo­
induced isomerization resulting in a change in the structure and color of the molecule.4 
This change in structure could also affect the fluorescent qualities of the polymer the 
photochrome is attached to in ways that will be examined in more detail later. This 
project focuses on two different goals: 1) perfecting the Gilch polymerization technique 
to synthesize a PPV derivative and 2) determining a method to attach a photochromic 
molecule spirooxazine (SO) to the polymer.
PPV derivatives have the same basic backbone, displayed in Figure 1. It consists 
of phenyl groups that are attached through vinyl bonds, usually para to one another.
2Figure 1 -  Backbone of Poly(phenylene vinylene) (PPV)
The extended conjugation of this system leads to a delocalization of the n bonds, causing 
PPV to have a high dielectric constant which effectively renders it insoluble in most 
organic solvents.5 Fortunately, the PPV backbone is relatively easy to functionalize with 
different side groups that not only make it more soluble in organic solvents but also add 
other desirable properties to the polymer. In this work, all PPV polymers were 
synthesized with either decyloxy or methoxy sidechains (Figure 2), providing the extra 
organic layer needed to make the polymer more soluble in common organic solvents such 
as tetrahydrofuran (THF).
Figure 2 -  Structure of Poly((2-decyloxy-5-methoxy)-l,4-phenylene vinylene)
The extended planar conjugation of the PPV backbone combined with its rigid aromatic 
structure also causes PPV to be a highly fluorescent molecule. It is this fluorescence that 
we will try to selectively quench with the addition of the SO compound.
SO is a photochromic molecule, and thus undergoes a reversible change in 
structure between the closed “spiro” form and the open, more planar merocyanine (MC) 
form when irradiated with UV light; these two structures are outlined in Figure 3.
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Figure 3 -  Spiro and Merocyanine (MC) Structures of SO 
The irradiation causes a photochemical cleavage of the spiro C-0 bond in the oxazine 
ring. The hybridization of this bond thus changes from sp to sp , extending the n 
conjugation of the molecule in the MC form and shifting the absorption to the visible 
region.6 This structural change also causes a color change, as the spiro form is colorless 
when dissolved in organic solutions, then changes to the blue MC form when irradiated
n
with UV light. After UV irradiation, the SO molecule rapidly reverts back to its more 
thermally stable spiro form. We aim to take advantage of this UV-induced structural 
change by using SO as a reversible quencher for the fluorescence of PPV.
Fluorescence is a form of luminescence and is defined as the emission of a photon
o
during a transition between states with the same quantum spin numbers. When a 
fluorescent molecule is irradiated with a UV/VIS light source, it will absorb energy from 
that radiation at specific wavelengths corresponding to its absorbance spectra. The 
molecule then ascends from a low energy “ground state” (So) to an “excited state” of
higher energy (Si) as shown in the Jablonski diagram on the next page. During 
absorption, both the vibrational and electronic modes of the Si molecule are excited, and 
the photon of light can go from the lowest vibrational mode of So to a non-zero 
vibrational level of Si upon excitation.
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Figure 4 -  Jablonski Diagram of Fluorescence.
After absorption, the vibrationally excited molecules usually relax back to the lowest 
vibrational level in the excited state through internal conversion. As can be seen in the 
Jablonski diagram above, the absorbed energy can be lost through a variety of processes 
depending on the nature of the molecule. Molecules with rigid structure such as the 
aromatic PPV polymer have a lower probability of losing absorbed energy through some 
form of radiationless deactivation due to its decreased degrees of rotational freedom, 
leading to its highly fluorescent properties.
The ultimate goal of this project is to control the fluorescence of PPV with a light 
signal by reversibly photogenerating a fluorescence quencher. This can occur by 
transferring the excited state energy of the fluorophore (PPV) to the light-activated 
quencher (SO) via a mechanism called fluorescence energy resonance transfer (FRET).
This name is sort of a misnomer, as the energy exchange does not arise due to a physical 
transfer of excited photons, but rather occurs due to dipole-dipole interactions between 
the fluorophore and the quencher.9 In order for FRET to occur, the fluorophore must 
emit energy at wavelengths that overlap well with the absorption spectrum of the 
quencher. The amount of spectral overlap also affects the rate of the energy transfer, as 
does the orientation and distance between the fluorophore and quencher dipoles. It is for 
this reason that the SO group was chosen as a potential quencher. Figure 5, taken from 
previous labmate Christina Davis’s (’10) nanoparticle studies, shows the clear spectral 
overlap between the emission spectrum of MEH-PPV, a PPV derivative, and the 
absorption spectrum of the open MC form of SO.
 MEH-PPV fluorescence
 MC absorbance
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Figure 5- Spectral Overlap of MC-SO and MEH-PPV derivative 
In theory, when a SO-functionalized PPV polymer is irradiated, the SO group will change 
from the spiro form to the MC form, facilitating FRET between the PPV backbone and 
SO side group and thus effectively decreasing the fluorescence of the entire molecule. 
More importantly, once UV irradiation stops, the SO group will transform back to the
6spiro form and the fluorescence of the polymer will be restored. This sort of reversible 
quenching ought to be obtainable with SO, as it is known to be a fatigue resistant
Figure 6 -  Hydroxyspirooxazine and Azide-functionalized Spirooxazine 
The main difference between the two structures is the functional group that will be used 
to attach the SO to a PPV derivative. One merely has a hydroxyl group to be used in a 
Williamson ether reaction, while the other is functionalized with an azide group for use in 
a new type of chemistry known as “click” chemistry.
Click chemistry is a different approach to organic synthesis that was introduced 
by K. Barry Sharpless of the Scripps Research Institute in 2001.10 While acknowledging 
the rich history of natural product synthesis and its successes, Sharpless proclaimed that 
focusing organic synthesis on long, complicated, and costly syntheses with extremely low 
yields has pervasive effects on the process of drug discovery, development and 
manufacture. Another problem he identified is that synthetic routes seem to get bogged 
down with long-winded methods to try to form contiguous C-C bonds, which are present 
in most bioactive natural products. However, Sharpless stated that these compounds are 
not the only useful type of biologically effective molecules, and that there are plenty of 
interesting and useful molecules that can be formed through short steps and heteroatom 
coupling. He proposed a philosophy of utilizing a more modular, faster style of
molecule due to the photochemical stability of the oxazine structure both forms.6,7 Two 
different types of SO groups were used in this thesis, both shown in Figure 6.
HQ .0
7chemistry where one should be able to jump easily from one series to another, drawing 
inspiration from natural synthesis where large oligomers are formed from small building 
blocks of molecules.10 In this way an organic chemist would not get stuck on trying to 
create an overly complicated structure, but rather focus on the functionality of the 
molecule and its usefulness. In his 2001 review in Angewandte International Chemie 
Edition, Sharpless outlined quite an extensive criterion for a reaction to be considered a 
click reaction:
“The reaction must be modular, wide in scope, give very high yields, generate 
only inoffensive byproducts that can be removed by nonchromatographic methods, 
and be stereospecific (but not necessarily enantioselective). The required process 
characteristics include simple reaction conditions ... readily available starting 
materials and reagents, the use of no solvent or a solvent that is benign or easily 
removed, and simple product isolation. Purification must be by 
nonchromatographic methods, such as crystallization or distillation, and the 
product must be stable under physiological conditions.”10 
He goes on to state that most click reactions that meet these criteria do so because they 
naturally have a high thermodynamic driving force, so they tend to go rapidly to 
completion. Most of these reactions also tend to be highly selective to produce a single 
product. By limiting the scope of chemistry to these types of reactions, Sharpless is 
confident that advances can be made in the field of drug manufacturing and organic 
synthesis much more swiftly.10
The type of click reaction that will be focused on in this thesis is a variation of the 
azide-alkyne Huisgen cycloaddition first characterized by Rolf Huisgen in the 1950s, an 
example of which can be seen in Figure 7. It is a [l,3]-dipolar cycloaddition that takes 
place between a terminal alkyne and an azide to produce a 1,2,3-triazole with a mixture 
of 1,4-disubstituted and 1,5-disubstituted regioisomers.
Figure 7 -  Example of [1,3]-Huisgen Cycloaddition
This reaction has been praised by Sharpless as “the cream of the crop” in click chemistry,
as it unites two kinetically stable reactants and provides an opportunity for the production
of a variety of heterocyclic molecules.10 In this project we follow the version of this
reaction that employs a copper catalyst and reducing agent that is supposed to selectively
produce the 1,4 regioisomer of the triazole, as it has been shown to be successful in
11 1 ^adding functional groups to conjugated polymers.
We hypothesized that if we could prepare alkyne-functionalized PPV polymer and 
azide-functionalized SO, then attachment of the SO to the PPV backbone should proceed 
with relative ease using a click reaction. The success of this reaction can be measured 
not only with NMR, but by fluorescence photomodulation studies as well. If the SO 
compound is successfully attached to the PPV backbone, then the fluorescence spectrum 
of the polymer will surely decrease upon the UV-induced conversion of the SO to MC 
form. If the molecule does not undergo any photobleaching in this state, then the 
fluorescence should be restored after allowing the SO to revert back from its MC form to
9its spiro form. Achieving this sort of photomodulation would be tremendous in showing 
the functional capabilities of SO as a light-activated quencher, as well as supporting the 
fact that we have successfully bound this quencher to a responding fluorophore.
10
Results and Discussion
Two different routes for the synthesis of SO functionalized PPV were attempted 
and are outlined below in Figure 8. While both schemes feature utilization of the Gilch 
polymerization, they differ in how they approach the goal of attaching the SO moiety to 
the polymer chain. The first route involves an Sn2 Williamson ether reaction, while the 
second features the new click chemistry discussed earlier.
oX«HaoSr o"
Br Gilch
HQ
Route 1
Ether
•N O
SO-PPV 2
Figure 8 -  General Synthetic Routes to SO-PPV1 and SO-PPV2
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Monomer Synthesis fo r  the Gilch Polymerization
1 2
Figure 9 -  Monomers used in Gilch Polymerization
The above scheme shows the different monomers that have been synthesized for 
use in the Gilch polymerization. The ultimate SO-functionalization of the polymer 
comes from monomer 1, the only monomer with a bromoalkyl chain. Monomers 2 and 3 
were also constructed for use in the Gilch polymerization in order to decrease the 
bromine functionality of the polymer to help alleviate later solubility problems. In my 
undergraduate thesis I exclusively used monomer 3; however, for this project the focus 
was shifted onto monomer 2.14 Monomer 2 has two decyloxy chains para to one another, 
as opposed to monomer 3 with only one decyloxy and a methoxy group. It was theorized 
that the extra hydrocarbon chain on monomer 2 would further increase the solubility of 
the polymer in organic solvents.
The synthesis of monomer 1 involves two separate steps, shown below.
dibromodecane, 24 hours b) reflux in HO Ac with HBr and paraformaldehyde, 24 hours
OH
4 1
Figure 10 -  Overall Synthetic Route for Monomer 1 a) reflux in acetone with K2CO3 and
12
The first step is a Williamson Ether synthesis between commercially available molecules 
p-methoxyphenol and dibromodecane using potassium carbonate as a base.
The hydrogen from the phenol group on the p-methoxyphenol is removed by the base, 
effectively forming a nucleophilic phenoxide ion. This ion then reacts with the 
dibromodecane via an Sn2 reaction to expel one of the bromines and add the bromoalkyl 
chain to the oxygen. The biggest problem with this reaction is that the dibromodecane 
must be used in excess, usually up to 7 to 8 molar equivalents. This is necessary to avoid 
having the phenoxide ions reacting with newly formed product to create a 
difunctionalized byproduct.
Figure 11 -  Williamson Ether Synthesis Mechanism
Figure 12 -  Difunctionalized Byproduct in Synthesis of 4
13
Due to this excess, the final product must undergo multiple recrystallizations in hexanes 
in order to remove all the unused dibromodecane, leading to low yields. The best yield 
obtained during this monomer synthesis was 44%, with an average of about 32%.
After purification, a bromomethylation is carried out using paraformaldehyde and 
33% (weight) HBr in glacial acetic acid to form the final product monomer 1. First, the 
paraformaldehyde is thermally decomposed to formaldehyde, which is then protonated by 
the HBr to form a carbocation. This carbocation initiates an electrophilic aromatic 
substitution with the reactant and remaining bromine ions to ultimately form a benzylic 
alcohol. HBr is again used for protonation, this time protonating the alcohol to form a 
good leaving group that is then removed by the recently deprotonated bromine ions.
MOH'
0
B r
HG-
Figure 13 - Methylbromination Mechanism of Monomer 1 
This entire substitution process is then repeated para to the newly substituted 
bromomethyl group, thus resulting in the dimethyl bromo monomer 1. This reaction was 
performed several times with an average 70% yield.
14
The synthesis for monomer 2 is another straightforward electrophilic aromatic 
substitution, shown in Figure 14.
paraitormaldehyde,
heat
Figure 14 -  Synthesis of Monomer 2 
The mechanism and procedure for this transformation is exactly the same as for the 
earlier dibromomethylation shown in Figure 13. As such it has also been show to work 
extremely well, with an average yield of 82%. After these monomers are all synthesized, 
the next step is to polymerize.
15
Polymerizations
This project utilized anionic Gilch polymerization techniques for creating all the 
polymers used in the UV/VIS studies. Although there is still a debate on the exact details 
of the Gilch polymerization mechanism, there is a general consensus that it starts with the 
base-catalyzed deprotonation of the dimethylbrominated monomer to form an anionic 
intermediate that then undergoes a [1,6] elimination to form a diquinone intermediate.15,16 
Another anionic intermediate can then initiate the polymerization with the diquinone, 
effectively joining the two monomers and generating new anions to continue the 
polymerization. The final vinylic form of the connecting bond between the monomers in 
the polymer backbone is created using an excess of base to facilitate an E2 reaction, 
eliminating the remaining bromine atom.
O H
elimination ►
O 8rI 8 r »|«
Figure 15 -  Gilch Polymerization Mechanism 
One of the most common bases used for this polymerization is potassium tert-butoxide 
(tBuOK). The tBuOK base we have used is drawn from a solution of 1M tBuOK in THF
16
and then diluted with additional anhydrous THF before it is added to the reaction mixture
avoid complications such as crosslinking.
The functionalization of the polymer can to some extent be controlled by varying 
the ratios of the monomers used within the polymerization. If the only monomer used 
were monomer 1, the resulting polymer would be a homopolymer, in which each 
benzylic unit of the polymer chain would contain the bromoalkyl side group.
This polymer would be termed a 100% Br-functionalized poly(phenylene vinylene), or 
100% PPV-Br. Trying to create spirooxazine functionalized PPV (SO-PPV) with 100% 
PPV-Br, however, proved to be very difficult; any product that was isolated was 
essentially insoluble, making UV/VIS and fluorescence studies nearly impossible. To 
avoid this frustration, we started making random copolymers by combining monomers 
without the bromine functionalized sidechain with monomer 1 in the polymerization 
process. For example, if  I used monomers 1 and 2 in a 1:3 ratio, as shown on the next 
page, I would end up with a polymer that is about 25% Br-functionalized, as roughly 1 in 
every 4 backbone units would have the bromoalkyl side chain.
Br
Figure 16 -  100% Br-functionalized PPV (100% PPV-Br)
17
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Figure 17 -  Synthesis of 25% PPV-BR 
The percent functionalization of the polymer can be estimated and verified in NMR 
analysis by comparing the integrated values of peaks known to arise due to the bromine 
functionalization versus those that appear due to the unfunctionalized monomer.
A variety of polymers were made with varying bromine functionality to be used 
for SO-PPV synthesis, as outlined in the table on the next page. One of the main 
problems that can be encountered during the Gilch polymerization is crosslinking. If the 
tBuOK is added to the reaction mixture too quickly, the amount of bonding and reaction 
between the molecules can occur in undesirable locations. The resulting high density of
18
# Eq. of Eq. of tBuOK:THF Addition Use of Use of Stir time
1 2 ratio (mL) time (min) additive heat (hrs)
1 1 3 1:8 20 No Yes 2
2 1 3 1:15 30 No Yes 2
3 1 4 1:16 45 No Yes 2
4 1 4 1:5 Instant Yes No 0
5 1 4 1:5 15 Yes No 24
6 1 4 1:10 28 Yes No 24
7 1 10 1:11 26 Yes No 24
8 1 10 1:12 30 Yes No 24
9 1 10 1:22 33 Yes No 19
10 1 4 1:22 51 Yes No 16
11 1 10 1:22 120 No Yes 3
12 2 3 1:50 133 Yes No 2
13 1 1 1:22 36 Yes Yes 2
Table 1 -  Gilch Polymerization Attempts with Reaction Conditions
networking bonds, or crosslinking, forms a globular product that is completely insoluble 
and unusable. This is what occurred in polymerizations 2, 4 and 5. However, I’ve 
discovered that this problem can be circumvented by both diluting the base added with 
anhydrous THF and adding this diluted solution to the reaction mixture very slowly, 
dropwise over a long period of time. As can be seen in the table above, I have found the 
most effective conditions are when the tBuOKrTHF ratio is at least 1:20 mL, with an 
addition time of at least 30 minutes. .
Product isolation was another problem that occurred in polymerizations 1 and 3 
after polymer precipitation in methanol. When trying to filter out the polymer flakes, 
most just went right through the filter paper; what could be recovered was stuck to the 
filter paper, and had to be dissolved off with THF or chloroform and then evaporated 
with rotary distillation to get any sort of workable product back. I found that letting the 
polymer stir in MeOH overnight after precipitation as opposed to just 20 minutes made it 
more likely to successfully filter out. The inclusion of a 4-(tert butyl) benzyl chloride
19
additive, also seemed to help circumvent this problem; the polymer would form a thin 
layer on the filter paper and then break into a mosaic-like pattern of flakes when air dried, 
which were very easy to collect.
t \
Figure 18 -  4-(tert butyl) benzyl chloride additive 
This nonpolymerizable acidic chloride additive first caught our interest because it 
was reported to have been useful at eliminating cross linking and facilitating easier 
polymer recovery in Gilch polymerizations, via the mechanism below.17,18
ffluOK IJHEimtefJori
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Figure 19 -  Modified Gilch Polymerization Mechanism with Chloride Additive. 17
20
Much like the procedure discussed earlier, this modified mechanism starts with 
the protonation of the bromomethyl monomer by the tBuOK base to form an anionic 
intermediate. According to Hseih et al, this intermediate undergoes a [1,6]- 
dehydrohalogenation to form the intermediate 5.15 Meanwhile, the chlorine additive is 
also deprotonated by the tBuOK base to form the anionic molecule 6. Intermediate 5 is 
then nucleophilically attacked by anion 6, initiating the anionic polymerization which 
ultimately results in the formation of the PPV-Br polymer. However, there are other 
competing reactions, one involving the anion intermediate 6 reacting with other chlorine 
additive molecules to form the ditertbutylstilbene side product 7. Another side reaction 
that could occur is the premature termination of the polymer chain between the anion on 
the polymer and a second anionic intermediate 6. Both these competing side reactions 
can be effectively reduced, however, by keeping the concentration of chloride additive 
relatively low compared to the amount of monomer present within the reaction.
The additive is to be added to the solution of dissolved monomers in THF before 
the addition of the tBuOK base. However, the procedure in the paper differed from the 
procedure I was familiar with in several different ways. For example, no matter how 
many moles of monomer were present, the same amount of tBuOK was added: 4.4 ml. 
Also, there was no mention of the tBuOK being diluted with THF when being added to 
the reaction mixture. Lastly, the reaction was done at room temperature and allowed to 
stir for 24 hours after addition, whereas I had been running the reaction at about 50°C and 
letting it stir for 2-4 hours. For the first polymerization with the new additive, I followed 
the procedure in the paper and added the 4.4 mL of tBuOK all at once with the reaction
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running at room temperature. The result was instantaneous crosslinking. For the next 
polymerization, # 5 ,1 intended to add the 4.4 mL of tBuOK much more slowly; I actually 
added only 3 mLs because I noticed that the solution was starting to take on the sort of 
consistency I had come to associate with crosslinking polymers. Indeed, after letting it 
stir for 24 hours, whatever polymer that could be collected refused to dissolve in organic 
solvents; it would swell, but not dissolve, a common characteristic of cross linked 
polymers. With the third attempt, I retreated back to familiar territory; after adding the 
chloride additive, I used 4.02 eq of tBuOK diluted in about 20 ml of THF as in earlier 
Gilch polymerizations, which was then added to the reaction mixture over 30 minutes. 
After letting the reaction stir for 24 hours, the polymer was precipitated into methanol 
and collected via Buchner filtration.
The next step was to experiment with the reaction conditions to find the most 
optimum procedure for the Gilch polymerization. Variables that could be changed 
included the amount of tBuOK added, how dilute the tBuOK was during addition, the 
addition time, use of the chlorine additive, the use of heat, and how long the reaction was 
allowed to stir before precipitation. I already knew from previous experiments that 
roughly 4.02 eq of tBuOK (compared to the total moles of monomer present) had to be 
diluted with at least 20 times the amount of THF and added very slowly to the reaction 
mixture. I also found that the reaction would not go at all in the absence of both heat and 
the chloride additive. With the chloride additive at room temperature, the rate of the 
reaction appeared to be quite slow; additional tBuOK had to be added over a longer 
period of time in order to obtain the orange-red color indicating that the reaction had
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begun. This was exemplified by polymerization #12, where nearly 1.8 mL of additional 
THF had to be added over 133 minutes in order to achieve the desired color change. In 
polymerization #13 it was found that putting the reaction under heat drastically reduces 
the amount of time needed for the addition of tBuOK, while only 3-4 drops of additional 
tBuOK were needed to make the reaction start. It was eventually found that there was 
not any noticeable difference between letting the reaction stir for 24 hours versus only 2 
hours as long as the reaction was heated.
Based on these experiments, a general procedure for Gilch polymerization has 
been established. The monomers are to be measured out in the appropriate ratios needed 
to achieve the desired functionalization percentage. The monomers are then dissolved in 
anhydrous THF and added to a flame-dried 3 neck round bottom under N2 atmosphere, 
equipped with an addition funnel. The chlorine additive is added to the monomer 
solution, while a mixture of tBuOK and THF is added to the monomer in at least a 1:20 
mixture. The amount of tBuOK used should be equal to about 4.2 times the total moles 
of monomer used in the reaction. After heating the reaction to about 50°C, the 
tBuOK/THF solution is to be added to the reaction mixture over at least 25 minutes with 
rapid stirring. Frequent stoppages of the addition may be required, especially when 
observing color changes, so as to avoid any dangers of crosslinking. If crosslinking has 
occurred, the stirring of the reaction will be impaired by the formation of soft, gel-like 
precipitation, accompanied by a very rapid color change to red-orange or bright red. 
During addition the successful reaction will go from pale yellow to cloudy yellow to 
orange, and the addition is completed when the mixture reaches an orange-red color with
23
blue-green fluorescence. If it has not reached this color, a few more drops of tBuOK 
should be added, leaving a full minute between each drop, until the desired color change 
is achieved. After letting the reaction stir rapidly for 2 hours, remove it from the heat and 
pour into at least 500 mLs of methanol to get bright red polymer precipitate. Let stir 
overnight and collect via Buchner filtration to obtain darker red, PPV-Br polymer flakes. 
This is the procedure that was used for polymerization #13.
Any polymer products that could be dissolved in THF or chloroform underwent 
UV/VIS studies, the results of which are displayed in the table below.
# Absorbance max (nm) Fluorescence max (nm) SO-PPV Route
1 492 573 SO-PPV1
3 488 562 SO-PPV1
7 487 544,583 SO-PPV1
8 501 584 N/A
9 473 535,584 N/A
10 480 545 SO-PPV1
12 481 543 SO-PPV2
13. 486 547 SO-PPV2
Table 2 -  Absorbance and Fluorescence Data for Dissolvable PPV-Br Polymers 
Past studies have shown that PPV polymer samples in THF typically have an absorbance 
maximum around 480 nm and a fluorescence maximum around 545 nm. As can be seen 
above, polymers 10 and 12 fit this criterion pretty well. Some of the polymers (7 and 8) 
showed evidence of crosslinking, even with the use of the chlorine additive. This is 
apparent through the appearance of an additional broad shoulder of fluorescence around 
the 580 nm range. Using these UV/VIS results, polymers 1, 3, 7, 10, 12, and 13 were 
selected for use in later reactions to form SO-PPV.
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SO-PPV 1 Synthetic Route and UV/VIS Studies
The first attempted synthetic route to SO-functionalized PPV is an extension of 
my undergraduate work, outlined in Figure 20 below.14
OH*
SO-PPV1
Figure 20 - Sn2 Reaction Mechanism for Synthesis of SO-PPV1 
We planned to facilitate an Sn2 reaction between the bromine leaving group of the 
polymer and the hydroxyl group of the SO. Only four attempts were carried out in my 
undergraduate work, with one product having promising results, so I tried several 
reactions with different PPV-Br polymers to see if I could recreate the desired effect. 
Most of the SO-PPV products from my undergraduate work did not easily dissolve in 
most organic solvents; the process to get them dissolved enough for UV/VIS study 
proved to be time-consuming and not always successful. Because of this, polymers with 
low percentages of bromine functionalization were synthesized. By reducing the amount 
of reaction sites for the SO to attach to the polymer, it was hypothesized that the issue of
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solubility could be circumvented. The different SO-PPV1 synthetic attempts are outlined 
below in Table 3.
# Precursor PPV- % Reaction UV/VIS Studies?
Br polymer F unctionalization Solvent
1 1 25 DMF No; Reaction solvent 
evaporated
2 1 25 DMF No; Solubility issues
3 3 20 THF Yes
4 3 20 THF No; Solubility issues
5 7 10 THF No; Solubility issues
6 10 20 Xylenes Yes
7 10 20 DMF No; Solubility issues
Table 3 -  Details of SO-PPV1 Synthesis Attempts
Unfortunately, most of the products of these SO-PPV reactions still suffered from 
solubility issues. The two products that were dissolved could not be concentrated enough 
to produce any analyzable NMR data, and so they underwent UV/VIS studies instead to 
determine whether or not the SO group was successfully attached to the PPV polymer. 
First, absorption and fluorescence spectra were recorded for each SO-PPV products.
After the initial fluorescence reading, the sample was irradiated for 5-10 seconds using a 
365 nm UV source and another fluorescence spectrum was measured immediately after 
excitation. If the SO group was attached to the PPV polymer, then upon UV irradiation it 
would open to the MC form allowing FRET to occur and thus decreasing the 
fluorescence intensity of the overall molecule. About 60 seconds after UV irradiation a 
final fluorescence spectrum was recorded. By this time the SO should have reverted back 
to its more thermally stable spiro form, thus restoring the polymer’s fluorescence back to 
its original intensity. If the structure had been irreversibly damaged through 
photobleaching or fatigue, then the fluorescence intensity will stay at its decreased state.
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The product of the third SO-PPV1 reaction was the first that could actually be 
solvated enough for UV/VIS studies. The studies were carried out in THF, and the 
absorbance of this compound was 448 nm, while the fluorescence A,max was 547 nm.
-  800
0.15
-  600
0.10
8c
CD£1
o
C/3-Q<
-  400
0.05
  20% SO-PPV1 Absorbance
 20% SO-PPV1 Fluorescence
-  200
0.00
700400 500 600300
Wavelength (nm)
Figure 21 -  Absorbance and Fluorescence Spectra for SO-PPV1, Reaction 3 
Unfortunately, the compound did not seem to undergo any form of photomodulation.
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Figure 22 -  UV Irradiation Studies of SO-PPV1, Reaction 3
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The only other reaction that produced a dissolvable polymer product was reaction 
#6. This reaction was unique in that it was carried out in xylenes, which was the same 
reaction solvent that produced photomodulated SO-PPV results in my undergraduate 
thesis. The absorbance and fluorescence A^x values of this product were 463 and 548 
nm, respectively.
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Figure 23 - Absorbance and Fluorescence Spectra for SO-PPV1, Reaction 6 
Unfortunately, this molecule also did not seem to undergo any significant 
photomodulation, as shown in Figure 24.
Fluorescence 
Intensity 
(a.u.)
28
—  Before UV exposure
  Immediately after UV exposure
-  - 6 sec. after UV exposure
3
S  600
COc0)
£  400<DOCO)ow
2 200 o3
Ll_
750500 550 600 650 700
Wavelength (nm)
Figure 24 -  UV Irradiation Studies of SO-PPV1, Reaction 6 
This portion of the project was sadly discouraging. The biggest problem is 
obviously the solubility issues we encountered with our products. Out of the 6 reactions 
that were carried out, only two products could actually be dissolved enough to undergo 
reliable UV/VIS studies. The ones that could be dissolved showed no signs of 
photomodulation, leading us to the conclusion that the reaction did not actually work the 
way we wanted. Because of these results, we decided to turn to a different route to 
making an SO-functionalized PPV polymer: the click chemistry route.
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SO-PPV2 Synthetic Route and UV/VIS Studies
The second synthetic route for SO-PPV involves the use of click chemistry 
between an alkynized PPV polymer and an azide-functionalized SO group that was 
discussed earlier.
CuSO*, Sodium ascorbate 
48 iir reflux in anh THF
f
Figure 25 -  General Synthesis Route for SO-PPV2 
Another labmate, Brooklynd Saar, did most of the preliminary work on this route and 
determined that one of the most accessible click reactions we could try was a variation of 
the [1,3]-Huisgen cycloaddition between the terminal alkyne and an azide using a copper 
catalyst. The mechanism for this reaction will be explored in more detail later.
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A series of small trial reactions weas carried out to ensure the feasibility of this 
route. First, a sample azide was made using the commercially available materials sodium 
azide and bromohexane liquid. This reaction definitely follows the principles of click 
chemistry as it is a straightforward reaction conducted at room temperature ill DMSO, 
with a simple mechanism. The nucleophilic azide ion displaces the bromine atom via 
nucleophilic substitution. This reaction was carried out only once, with a yield of 77%.
After making this sample azide, the next step was to conduct a trial click reaction 
of the Huisgen cycloaddition between the terminal alkyne on propargyl alcohol and 
azidohexane. The negative charge of the azide can react with either sp hybridized carbon 
of the alkyne bond to form either a 1,5- or 1,4-disubstituted 1,2,3-triazole product.
*  B r
Figure 26 -  Mechanism for the Formation of 1-azidohexane
/ \
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N H
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Figure 27 -  Mechanism for the [1,3]-Huisgen Dipolar Cycloaddition.
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The reaction was carried out in THF with sodium ascorbate and copper sulfate catalyst, 
the presence of which is supposed to selectively produce just the 1,4 disubstituted 
triazole.13 The copper sulfate is reduced to a Cu+ ion by the ascorbate, which then 
combines with the terminal alkyne to form a copper acetylide. The binding of the copper 
increases the differing polarities of the sp carbons as shown in the scheme below and thus 
facilitates formation of a 1,4-disubstituted product.
©R1~W“ I^ =N m
r  r  r
Figure 28 -  Copper Acetylide Coordination with Azide 
After performing the click trial the success of the reaction was apparent through !H NMR 
analysis with the emergence of triazole product peaks between at around 4.4 and 4.5 ppm, 
shown in Figures 73-75.
After the success of the trial click reactions, the next step was to functionalize the 
SO compound with an azide group via the route seen in Figure 30.
X= / t
Figure 29 -  Overall Synthetic Route for Azide-functionalized SO a) dibromobutane, 
acetone, K2CO3, 24 hour reflux b) DMSO, NaN3, 24 hours at RT
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The first step in synthesizing this new compound involves an Sn2 reaction between 
hydroxyspirooxazine and dibromobutane in acetone with potassium carbonate as a base.
This reaction is run with excess dibromobutane, which is easily removed from the 
bromine functionalized SO through recrystallizations in hexanes. This reaction was 
performed once with a yield of 61%. The final step to form the azide-functionalized SO 
involves the same sort of nucleophilic substitution mechanism as the trial reaction to 
form azidohexane. This reaction was also performed once with a 72% yield.
After the SO compound was successfully functionalized with the azide, the next 
step was to attach a terminal alkyne to the PPV polymer. This occurs through the 
familiar Sn2 reaction that has been used throughout this project, shown again in Figure
Br
Figure 30 - Sn2 Mechanism to form Br-functionalized SO
31.
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B
Figure 31 -  Mechanism for Alkyne-functionalization of PPV-Br 
The reaction was carried out in anhydrous THF at 68°C with tBuOK as a base. After 48- 
72 hours the excess THF was evaporated off through rotary distillation, and then the 
remaining reaction mixture was poured into MeOH to precipitate the polymer.
The first alkyne functionalization reaction attempted was carried out on the 40% PPV-Br 
from polymerization #12. Unfortunately, *H NMR analysis of the product showed no 
product peaks around 2.2-2.4 ppm that would indicate the presence of an alkyne, as can 
be seen in Figure 48 on page 66.
For these sorts of reactions with polymers, a large amount of THF is needed to 
dissolve a relatively small amount of polymer. For the first reaction we calculated the 
amount of propargyl alcohol and tBuOK based on the moles of polymer present in the 
reaction; because of the low amount of polymer used, the amount of propargyl alcohol 
and tBuOK used was also low. It was hypothesized that these reactants were not 
available in a high enough concentration to facilitate the desired reaction due to the high 
volume of THF. By looking at the amounts of propargyl alcohol and tBuOK in 
successful test alkyne reaction, their concentrations could be calculated using the reaction 
volume. Then, using these concentration values and the amount of THF needed to
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dissolve the PPV-Br, new amounts of propargyl alcohol and tBuOK were calculated for 
the next reaction attempt, again using 40% PPV-Br. As can be seen in the NMR of 
this product in Figure 49 on page 67, this attempt showed alkyne product peaks around 
2.2 ppm that were missing in the first attempt. Given the success of this reaction, it was 
repeated with the 50% PPV-Br produced from polymerization #13 in order to increase 
the amount of alkynes for the SO-PPV2 reactions. 50% alkyne-functionalized PPV was 
successfully created and confirmed using NMR, displaying an alkyne peak at 2.4 ppm 
as can be seen in Figure 74 on page 96. Absorbance and fluorescence studies were also 
carried out to make sure that the alkynization did not drastically alter the values.
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Figure 32 -  Absorbance and Fluorescence Spectra of 50% PPV-Br
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Figure 33 -  Absorbance and Fluorescence Spectra of 50% Alkyne-PPV 
As can be seen by the earlier two figures, the process of changing the functionalization of 
the PPV polymer from bromine to an alkyne does not significantly change the absorbance 
and fluorescence of the polymer. The values for both polymers were 485 nm for 
absorbance and 546 nm for fluorescence.
The reaction conditions for the SO-PPV2 syntheses were essentially the same as 
for the trial click reactions discussed earlier. Three different reactions were carried out in 
THF, using copper sulfate, sodium ascorbate, and azidospirooxazine with different 
amounts of polymer and differing workups, shown below. The workups will be 
explained in more detail later.
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# Amount of Polymer used Workup
1
2
3
0.05
0.09
0.05
Extractions in Sep. Funnel 
Precipitation in MeOH 
Half Extractions in Sep. Funnel, Half Precipitation
Table 4 -  Different SO-PPV2 Reactions and their Workups
Unfortunately the THF for the first reaction evaporated off at one point during the 
reaction. When additional THF was added most of the polymer dissolved again, showing 
that the polymer was not burned. Instead of doing the usual workup for polymers, with 
this first reaction I followed the same sort of workup that was done for the click trials. 
This involved evaporating off the THF, then dissolving most of the polymer in 
dichloromethane (DCM) in a separatory funnel. This organic layer was then washed with 
first 1 M HC1, then 1 N NH4OH. At this point there was still a large amountof 
undissolved polymer that began to block up the separatory funnel. Once all of the 
polymers were gathered along with the organic layer in an Erlenmeyer flask, the 
undissolved polymer pieces were filtered out and dried, while the remaining dissolved 
polymer was dried with magnesium sulfate. The dichloromethane was evaporated by 
rotary distillation, and we were left with two products: the undissolved polymer flakes, 
and an oily substance collected after solvent removal. UV/VIS studies were carried out 
on both substances, the results of which will be discussed in later on.
For the second SO-PPV2 attempt, I returned to the usual workup for polymers: 
precipitation in MeOH. However, unlike other polymer precipitations hardly any 
polymer would precipitate out of the MeOH. Instead the MeOH was rotovapped down to 
collect another oily product for UV/VIS study. For the third and final SO-PPV2
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synthesis attempt, both workups were used; half the reaction was precipitated in MeOH, 
the other half went through the same workup employed on the first SO-PPV2 reaction, 
resulting in 3 more products for UV/VIS study.
The next table provides labels for each type of SO-PPV2 product that was studied. 
Each product was dissolved in THF and went through the same UV/VIS procedures as 
those for the SO-PPV1 products.
Product Label SO-PPV2 Appearance Workup
Reaction #
A 1 Oil Extractions
B 1 Flakes Extraction
C 2 Oil Precipitation
D 3 Oil Extractions
E 3 Flakes Extractions
F 3 Oil Precipiation
Table 5: Labels for the Different SO-PPV2 Products undergoing UV/VIS Studies 
All the products showed a major blue shift in absorbance, with many displaying a blue 
shift in fluorescence as well; this suggests the presence of lower molecular weight 
oligomers with less conjugation than longer polymer chains. Although the products all 
vary in their NMR, absorbance and fluorescence spectra, they all appear to have been cut 
into shorter polymer chains at some point during the click reaction. Also, the two flaky 
products still exhibited poor solubility although nowhere near as severe as the products 
from the SO-PPV1 route. It still took at least a couple of hours to dissolve enough 
product to achieve the concentration needed for NMR or fluorescence studies. 
Nevertheless, they were all subjected to UV/VIS studies in order to determine if there 
was any successful binding of the SO molecule to PPV.
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Product A showed some strange results. The absorption spectra can be observed 
on the next page.
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Figure 34 -  Absorbance and Fluorescence Spectra of SO-PPV2 Product A 
The is down in the 250-350 nm range, with a very slight shoulder around 498 nm. 
UV irradiation studies were carried out, exciting the sample at two different wavelengths: 
330 and 498 nm. While exciting at 498 nm, virtually no fluorescence signal was 
recorded between 508 and 750 nm. When exciting at 330 nm, we obtained a peak with a 
A^nax at 406 nm as shown above.
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Figure 35 -  UV-irradiation Studies of SO-PPV2 Product A 
UV-irradiation studies were then carried out on SO-PPV2 product A, but the 
sample did not appear to show any signs of photomodulation
SO-PPV2 product C displayed significant blue-shifted absorbance and 
fluorescence, with A^ ax values of 390 and 500 nm respectively, as can be seen below.
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Figure 36 -  Absorbance and Fluorescence Spectra of SO-PPV2 Product C
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Unfortunately, photomodulation studies showed no activity.
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Figure 37 -  UV-irradiation Study of SO-PPV2 Product C 
UV/VIS studies were also carried out on all three products from the third SO- 
PPV2 reaction attempt. The absorbance and fluorescence spectra can all be found on the 
next page. UV-irradiation studies of all these products showed the same bleak conclusion: 
no photomodulation.
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Figure 38 -  Absorbance and Fluorescence Spectra of SO-PPV2 Product D 
Abs. A^nax = 455 nm, Fluor, ^ax = 543 nm
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Figure 39 -  Absorbance and Fluorescence Spectra of SO-PPV2 Product E 
Abs. Vax = 443 nm, Fluor. A^ ax = 541 nm
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Figure 40 -  Absorbance and Fluorescence Spectra of SO-PPV2 Product F 
Abs. Vax = 438 nm, Fluor. 'kmax = 536 nm
However, SO-PPV2 product B showed very promising results. The absorbance 
and fluorescence spectra, shown on the next page, were similar to the polymer spectra
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prior to the reaction. The absorbance >^ax and fluorescence ^ ax recorded were 451 nm 
and 543 nm.
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Figure 41 -  Absorbance and Fluorescence Spectra of SO-PPV2 Product B 
UV irradiation studies showed definite photomodulation, with the peak fluorescence 
intensity reduced by 23% upon exposure to 365 nm UV light.
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Figure 42 -  UV-irradiation Study of SO-PPV2 Product B
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A kinetic study was also performed on this SO-PPV2 product to confirm the 
photomodulation. In this study, the 365 nm UV light was placed next to the sample and 
switched on and off. The fluorescence intensity of the sample was measure over time 
while the light was being turned on and off. If the photomodulation occurs as expected, 
then the amount of fluorescence intensity should decrease when the light is on and then 
increase when it is turned off. This clearly happens in Figure 50.
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Figure 43 -  Kinetic Study of SO-PPV2 Product B
An additional UV-irradiation absorbance study was carried out as well, to see if 
there was any visual evidence of the MC form of the spirooxazine opening up. The MC 
form absorbs in the 550 to 650 nm range. Concentrating on this portion of the absorption 
spectrum, the UV irradiation studies were again carried out on SO-PPV2 Product B. 
Immediately after UV irradiation there is a very slight increase in absorption in this 
region, which may have been due to the SO opening to the MC form. However, 60
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seconds after UV irradiation the entire absorption spectrum appeared to have been shifted 
upwards, rendering the study inconclusive.
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Figure 44- UV-irradiation Absorbance Study of SO-PPV2 Product B: Solid = Before 
UV-irradiation, Dotted = Immediately after UV-irradiation, Dashed = 60 sec. after UV-
irradiation
More encouraging results appeared, however in the lH NMR of the polymer, which 
seemed to confirm the formation of the triazole product, with new peaks between 4 and 5 
ppm where previously there were none, shown in Figure 76. There are also clear peaks 
where one would expect SO peaks, as can be seen when comparing the two figures on 
pages 68 and 69. Despite the fact that most of the SO-PPV2 products seemed to display 
no photomodulation, I am not discouraged into thinking that the synthesis of a SO- 
functionalized PPV polymer using click chemistry is impossible. One of the first SO- 
PPV2 products clearly shows photomodulation; this reaction is also the one that 
repeatedly suffered from solvent evaporation. Throughout the reaction time, the overall
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volume was decreased versus when it was started, resulting in a relative increase in 
concentration of the reactants. This reminds me very much of when we were trying to 
get the alkyne fimctionalization onto the PPV-Br polymer; instead of measuring out the 
amount of propargyl alcohol and tBuOK base to be used based on molar equivalents with 
the amount of polymer, we ended up instead measuring the amount of these compounds 
needed to maintain a similar concentration as a successful trial alkyne reaction. A large 
amount of THF is needed in order to fully dissolve even a small amount of polymer for 
the SO-PPV2 reaction, causing the solution to be extremely dilute with regards to the 
other reactants. Because the most successful results came about from a reaction that 
experienced a decrease in volume, I believe that future attempts should look at increasing 
the concentration of copper sulfate, sodium ascorbate, and azidospirooxazine within the 
reaction mixture. As for workup, I don’t really have enough information to make a 
detailed suggestion.
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Nanoparticle Studies
Given the encouraging UV/VIS studies for SOPPV2 product B, we decided to 
perform some preliminary nanoparticle studies. Nanoparticles are small (5-15 nm) 
spherical particles that are suspended in water. An SO-functionalized polymer should 
undergo fluorescence photomodulation of much greater magnitude in nanoparticle form 
than in organic solution due to the increased proximity of the donor (PPV backbone) and 
the photogenerated acceptor (MC form of SO). Preparation of the sample followed an 
already established method for nanoparticle formation.19 To prepare the sample 
approximately 2 mg of this product was dissolved in 2 mL of anhydrous THF. After 
filtration through a 0.7 pm filter to remove any undissolved aggregates, the solution was 
diluted with additional THF to a concentration of 0.02 mg/mL (20 ppm). Approximately 
1 mL of this solution was extracted via a glass syringe and subjected to 20 seconds of UV 
irradiation to open the SO compounds to their MC forms. We hypothesized that the more 
polar MC forms would help stabilize the nanoparticle structure. After UV-irradiation the 
polymer/THF solution was injected into pure water and sonicated for 2 minutes to insure 
homogeneity of the sample. The sudden injection into water causes the hydrophobic 
polymer to collapse and form a stable aqueous suspension of nanoparticle polymers, from 
which the remaining THF was removed via rotary evaporation. It is this remaining 
mixture that was subjected to UV/VIS studies.
The following pages contain the collected spectra. Figure 45 shows the 
absorbance and fluorescence of the nanoparticles, with a slight absorbance Z^nax at 450 nm 
and a fluorescence /^ nax at 567 nm. Despite low fluorescence intensities, the UV-
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irradiation studies shown in Figure 46 show pronounced photomodulation, with a total 
reversible quench of about 78%. We believe that by creating the nanoparticles the SO 
groups are forced to come into closer contact with the PPV backbone which causes a 
greater amount of FRET to occur, thus the increase in fluorescence quenching. To be 
sure that this effect was due to the formation of nanoparticles, the same UV irradiation 
studies were performed on the 20 ppm THF/polymer solution.
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Figure 45 -  Absorbance and Fluorescence Spectra of Product B Nanoparticles (20 ppm)
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Figure 47 -  UV-irradiations Studies of Product B in THF (20 ppm)
Although the above figure does show some photomodulation, it is very slight. This graph 
shows only a 6% quench, a far cry from the 78% quench from the nanoparticle studies.
These results are very encouraging for future studies. However, solubility of the 
product gets in our way again; much of the polymer ended up filtering out in the form of
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aggregates. Although desired nanoparticle studies would be carried out with 40 ppm 
nanoparticle solutions, we were only able to make a 20 ppm solution. Lower molecular 
weight polymer chains were able to be dissolved, which is probably the cause of the 
slight blue shift in absorbance and fluorescence. The fluorescence of the nanoparticles is 
also very dim, not reaching far beyond only 10 au in intensity. Additional, more 
systematic UV/VIS studies will have to be carried out, but there is definite evidence to 
support that SO has been successfully bound to PPV polymer and made to form 
nanoparticles.
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Conclusion
This project sought to successfully synthesize a SO-functionalized PPV polymer 
that would undergo reversible fluorescence quenching when exposed to UV radiation. 
Due to the ease of the monomer preparation for this method, a modified Gilch 
polymerization technique with a chloride additive was used exclusively for the formation 
of Br-functionalized polymers. An extensive study of 13 different polymerizations was 
performed to determine the most optimum reaction conditions to create soluble, non­
crosslinked polymers that were easy to isolate and collect. Utilizing the findings of the 
most successful polymerizations, a step-by-step procedure for Gilch polymerizations has 
been established for future use.
The work done on the synthesis of SOPPV1 via a Williamson ether reaction 
between the Br-functionalized polymers and hydroxyspirooxazine was a continuation of 
my undergraduate thesis work. Unfortunately, it seems that the problems that were 
encountered during that work were also continued here. Most of the SO-PPV1 products 
could not be dissolved enough for proper UV/VIS studies; the few that could be dissolved 
showed extremely small or no photomodulation when subjected to UV-irradiation. 
Because of these discouraging results, we decided to try a new synthetic route to bind SO 
to PPV using click chemistry.
Click chemistry via a modified [1,3] Huisgen cycloaddition was investigated as an 
alternate route to SO-PPV synthesis. This route involved imparting different functional 
groups to the reactants: an alkyne for the PPV polymer, an azide for the SO compound. 
This reaction creates a 1,2,3-triazole that connects the two reactants together; evidence of
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this triazole formation can be found in the 4-5 ppm range on *H NMR. Three different 
SO-PPV2 reactions were carried out, with one product showing definite, pronounced 
photomodulation during UV/VIS studies. However, there is a great deal of additional 
work that must be done to establish a definite protocol for this reaction. A more reliable 
method for calculating the amount of reactants needed to push the reaction forward must 
be established; this work suggests that a concentration method based on the volume of the 
reaction mixture should be used instead of a molar equivalence method based on the 
amount of polymer present.
The UV/VIS studies performed on the SO-PPV2 product B were very 
encouraging, despite the absorbance being blue-shifted. The UV-irradiation study done 
on this product show a much greater amount of photoquenching then in previous work, 
and *H NMR analysis shows definite SO product peaks and triazole formation. Kinetic 
studies were also carried out on this product to show the reversible quenching over a 
period of time, and the product seems resistant to fatigue. Preliminary nanoparticle 
studies show an even greater magnitude of fluorescence quenching, as a result of forcing 
the SO groups closer to the polymer backbone. However, the fluorescence of these 
nanoparticles was relatively dim, so future work will need to focus on the increasing the 
brightness of the nanoparticles and performing more extensive studies. More work is 
also needed to establish a definite protocol for the click reaction and reproduction of 
these results.
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Experimental
Synthesis of l-(10-bromodecyloxy)-4-methoxybenzene [4]. 25 g (83.3 mmol, 7 
eq) of dibromodecane (DBD) was combined with 1.477 g p-methoxyphenol (11.9 mmol,
1 eq) and 11.826 g of potassium carbonate (85.7 mmol, 7.2 eq) in a 250 mL RB flask 
with about 125 mL of dry acetone and a stirbar. The solution was set up with a nitrogen 
condenser and oil bath and refluxed at 70°C for 24 hours. After 24 hours, the flask was 
removed from heat and Buchner filtered to remove the excess potassium carbonate salt. 
The resulting filtrate was rotovapped to get rid of acetone to get a yellow liquid product. 
The liquid product was poured into about 250 mL of hexanes and put into a freezer 
overnight to recrystallize, and then the white crystals were collected using Buchner 
filtration. If there was any resulting DBD byproducts that showed up in the NMR, the 
crystals were redissolved in acetone and recrystallized until all the byproducts were 
removed. Average percent yield was 32%. *H NMR (400 MHz, CDCI3) 5 6.83 (s, 4H), 
3.90 (t, 2H), 3.77 (s, 3H), 3.41 (t, 2H), 1.85 (quint, 2H), 1.75 (quint, 2H), 1.4-1.5 (br, 4H), 
1.3-1.4 (br, 8H). 13C NMR (400 MHz, CDC13) 8 153.70,153.33,115.56,114.74,68.88,
56.01, 34.34, 33.15,29.77,29.71,29.68,29.07,28.49,26.38.
Synthesis of l-(10-bromodecyloxy)-2,5-bis(bromomethyl)-4-methoxybenzene 
[1]. 4 g of monomer 4 (11.7 mmol, 1 eq), 1.76 g paraformaldehyde (58.5 mmol,4 eq) and 
8.61 ml of HBr in HO AC (35.1 mmol, 3 eq) in a 100 mL RB flask. A mixture of HBr in 
HO AC that was 33% HBr in solution was used for this reaction. 30-40 mL of glacial 
acetic acid and a stir bar were added to the solution, which was then charged with argon. 
The mixture was set up with an argon condenser and oil bath to heat at 70°C for 24 hours.
53
For this reaction there may be some undissolved salts, and after cooling a cream-colored 
precipitate appears. Chloroform was added to dissolve most of the organic solids; 
anything that remained undissolved was assumed to be leftover salts and Buchner filtered 
out. The chloroform/acetic acid mixture was then poured into a 125 mL separation 
funnel and washed twice with deionized water, twice with NaHCC>3, and once with brine. 
Color change sometimes occurs with the NaHCC>3 wash, from yellow to a creamy white. 
The organic layer was extracted and dried with magnesium sulfate and the remaining 
chloroform was evaporated off to obtain a yellow solid product. The product was 
recrystallized using hexanes to remove impurities, resulting in a white solid product. 
Average percent yield was 70%. ‘H NMR (400 MHz, CDCI3) 8 6.78 (s, 2H), 4.56 (s, 4H), 
4.06 (t, 2H), 3.83 (s, 3H), 3.51 (t, 2H), 1.82 (quint, 2H), 1.76 (quint, 2 H) 1.43 (quint, 2H),
1.29 (br, 10H). 13C NMR (400 MHz, CDCI3) 8 150.5, 148.0, 128.5,128.0,114.5,114.0,
69.0,56.1, 33.7,32.6,29.7 (2C), 29.6 (4C), 28.6,28.0,25.9.
Synthesis of l,4-bis(bromomethyl)-2,5-bisdecyloxy benzene [2]. 4 g of 1.4- 
bisdecyloxy benzene (10.3 mmol, 1 eq), 1.76 g paraformaldehyde (51.6 mmol, 5 eq) were 
dissolved in 30-40 mL of glacial acetic acid in a 100 mL 3 neck RB flask. The flask was 
set up with an argon condenser, stir bar and oil bath set to heat at 70°C. While the 
reaction mixture was heating, 7.6 ml of HBr (33%) in HOAC (31.0 mmol, 3 eq) was 
added dropwise to the solution via syringe. The mixture was stirred at reflux 
temperatures for 24 hours. For this reaction there may be some undissolved salts, which 
will dissolve if the solution is heated to higher temperatures (85-90°C). After removed 
from heat, solution precipitates white solid upon cooling. This precipitate was dissolved
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with 200 mLs of chloroform; the resulting chloroform/acetic mixture was then poured 
into a 500 mL separation funnel and the organic layer washed twice with deionized water, 
twice with NaHCCb, and once with brine. During washes the organic layer goes from a 
creamy white color to more transparent amber. After drying the organic layer with 
magnesium sulfate, the remaining chloroform was evaporated off using rotary distillation 
to gain amber solid product. This product was recrystallized in hexanes to remove 
impurities and the crystals filtered out using Buchner filtration to give pure, pale yellow 
fluffy product. Average percent yield was 82% *H NMR (400 MHz, CDCI3) 5 6.78 (s, 
2H), 4.56 (s, 4H), 4.06 (t, 4 H), 1.76 (quint, 4 H), 1.43 (quint, 4 H), 1.31 (quint, 4 H),
1.29 (quint, 12 H), 1.26 (quint, 4 H), 0.88 (t, 6 H) 13C NMR (400 MHz, CDCI3) 5 147.3,
128.1.114.1, 69.0, 31.9, 29.7, 29.6 (8 C), 29.3, 25.9, 22.7, 14.1 (everything 2 C except 
for shift 29.6)
Synthesis of 1-azidohexane. 6.92 g NaN3 (96.1 mmol, 1.00 eq) was dissolved 
in about 200 mL of DMSO in a 500 mL RB flask equipped with a stir bar. 13.68 mL of 
bromohexane (97.0 mmol, 1.01 eq) was added to the reaction with stirring. After stirring 
at RT for 4 hours, the reaction mixture was poured into a separation funnel and the 
product extracted two times using diethyl ether. The organic layer was dried with 
magnesium sulfate and the remaining diethyl ether rotovapped off to give a pale yellow 
liquid product. *H NMR (400 MHz, CDCI3) 5 1.49 (t, 2H), 1.3 (quint, 2 H), 1.29 (quint, 
4H), 1.31 (quint, 2H), 0.88 (t, 3H) 13C NMR (400 MHz, CDC13) 6 50, 31.5, 30.1, 26.4,
14.1.
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Trial click reaction procedure to form(l-hexyl-lH-l,2,3-triazol-4-yl) 
methanol. A 100 mL 3-neck RB flask was flame dried twice under inert atmosphere, 
then set up with a stir bar on a condenser under N2. 20 mL of anhydrous THF was added 
to the flask via syringe, followed by 0.40 mL of propargyl alcohol (2.1 mmol, 1 eq). In a 
separate, flame dried glass vial 1.826 g of azidohexane (4.1 mmol, 2 eq) was dissolved in 
20 mL of anhydrous THF. The azidohexane/THF mixture was added slowly to the flask 
via syringe. 135 mg of (+) sodium L-ascorbate (0.681 mmol, 0.1 eq) and 18 mg of 
copper (II) sulfate (0.113 mmol, 0.02 eq) were then added to the flask. At the end of 
addition the reaction mixture was slightly cloudy with the undissolved sodium ascorbate 
visible at the bottom of the flask. The reaction was set to reflux at 68°C for 23 hours.
The cloudy white-green solution was removed from heat and the THF evaporated via 
rotary distillation, leaving behind a greenish-yellow oil. This oil was diluted with 60-80 
mLs of chloroform and poured into a 250 mL separation funnel. About 60 mL of 1 M 
HC1 was added to the funnel; after shaking with the acid, the organic layer turned a clear 
brown color. The organic layer was then washed with 1 N NH40H, upon which it turned 
a peach-brown color while the aqueous layer turned a solid blue-white color. The 
organic layer was extracted, washed one time with brine, dried with magnesium sulfate 
and the chloroform evaporated to give a brown oil product. lH NMR (400 MHz, CDCI3)
6 7.59 (s, 1 H), 4.79 (s, 2 H), 4.46 (t, 2 H), 3.65 (s, 1 H), 1.74 (quint, 2 H), 1.31 (quint, 2 
H), 1.29 (quint, 4 H), 0.88 (t, 3 H). 13C NMR (400 MHz, CDCI3) 6 142.3, 128.6, 53.5,
52.4, 31.5, 28.4, 26.8, 22.7, 14.1.
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Synthesis of 9’-(4-bromobutyl)-spirooxazine. 1.035 g of hydroxyspirooxazine 
(3 mmol, 1 eq) was dissolved in 100 mL of dry acetone in a 3-neck 250 mL RB flask. 
2.902 g of K2C03 (21 mmol, 7 eq) was added to the acetone and the flask set up with a 
heat plate and stir bar on a condenser under nitrogen atmosphere. 0.36 mL of 
dibromobutane (3 mmol, 1 eq) was added to the reaction mixture dropwise vis syringe. 
The reaction was set to reflux at 56°C for 24 hours. After removal from heat the acetone 
is evaporated off to leave a slimy green-brown sludge. When trying to dissolve this 
product in hexanes, it started to get less slimy and adopted a grey, clay-like subsistency. 
The product was recrystallized in 80 mL of hexanes and filtered out via Buchner filtration 
to give gray powder. This reaction was carried out once with a 61% yield. lH NMR (400 
MHz, CDC13) 5 7.78 (d, 2 H), 7.50 (s, 1 H), 7.12 (s, 1 H), 7.07 (t, 1 H). 7.06 (s, 1 H), 6.94 
(d, 2 H), 6.71 (d, 1 H), 6.56 (d, 1 H), 4.16 (t, 2 H), 3.51 (t, 2 H), 3.06 (s, 3 H), 1.82 (quint, 
2 H), 1.76 (quint, 2 H), 1.40 (s, 6 H). 13C NMR (400 MHz, CDC13) 5 163.7, 158.6, 151.7,
148.4, 137.1, 129.8, 129.5, 128.0, 127.3, 126.4, 126.5, 125.1, 118.6, 117.8, 116.2, 116.8, 
106.9, 105.2, 67.7, 48.2, 35.2, 30.0, 28.9, 28.0, 18.2 (2).
Synthesis of 9’-(4-azidobutoxy)-spirooxazine. 0.13 g of sodium azide was 
dissolved in about 5 mL of DMSO in a 50 mL RB flask set up on a stir plate. 0.882 g of 
Br spirooxazine (1.8 mmol, 0.92 eq) was added to the flask along with 20-25 additional 
mL of DMSO. The reaction was stirred for 4 hours at RT, changing from a grey color to 
a greenish-blue. The reaction mixture was poured into a 250 mL separation funnel.
About 80 mL of deionized water was added, turning the solution grey and cloudy. The 
addition of water also caused an exothermic reaction, making the solution in the
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separation funnel warm. 110 mL of diethyl ether was also added to the funnel. Upon 
vigorous shaking the cloudiness disappeared and the organic layer turned a dark grey- 
yellow. The product was extracted with diethyl ether two times in 110 mL portions. The 
organic layer was dried with magnesium sulfate and the ether rotovapped off to leave 
light brown-grey powder product. This reaction was carried out once with 72% yield. !H 
NMR (400 MHz, CDC13) 5 7.78 (d, 2 H), 7.50 (s, 1 H), 7.12 (s, 1 H), 7.07 (t, 1 H). 7.06 (s, 
1 H), 6.94 (d, 2 H), 6.71 (d, 1 H), 6.56 (d, 1 H), 4.16 (t, 2 H), 3.06 (s, 3 H), 1.76 (quint, 2 
H), 1.49 (quint, 2 H), 1.40 (s, 6 H), 1.3 (quint, 2H). 13C NMR (400 MHz, CDCI3) 5 163.7, 
158.6, 151.7, 148.4, 137.1, 129.8, 129.5, 128.0, 127.3, 126.4, 126.5, 125.1, 118.6, 117.8, 
116.2, 116.8, 106.9, 105.2, 68.4, 50, 48.2, 35.2, 26.4, 26.7, 18.2 (2).
Gilch Polymerization of 50% Br-PPV using Monomers [2] and [3]. A 
3 neck 100 mL RB flask was set up with the left and right neck fitted with rubber septa.
A needle that was hooked up to an argon tank was inserted into the left septum, along 
with a corresponding disposable syringe needle in the right septum to let out excess air.
A 50 mL addition funnel was set up on the middle neck of the RB flask, also fitted with a 
rubber septum. The entire system was flame-dried to get rid of excess moisture. 0.300 g 
of 1 (0.057 mmol, 1 eq) and 0.328 g of 2 (0.057 mmol, 1 eq) was dissolved in anhydrous 
THF and the resulting solution injected into the 3 neck RB flask. 0.220 mL of 4-(tert 
butyl) benzyl chloride additive (0.113 mmol, 2 eq) was added to the clear, yellow 
reaction mixture vis syringe. This solution was heated to 50°C, with a steady nitrogen 
flow. Next, a solution of 2.27 mL of 1M tBuOK in anhydrous THF (0.226 mmol, 4 eq) 
and 40 mL of additional anhydrous THF was prepared in the addition funnel. After the
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reaction reached 55°C, addition of the tBuOK/THF solution began. After 3.6 minutes the 
addition was stopped as the reaction turned a brighter yellow. 2.5 minutes later the 
reaction was started again. 7.5 minutes after the addition was started it was stopped again 
as the solution started getting cloudy. After 2.3 minutes the addition was started again.
A close eye needs to be kept on the stirring, as any problem with the stirring may indicate 
the formation of crosslinked polymer. The starting and stopping of the addition occurred 
each time there was a color change from yellow to yellow-orange to orange, until the 
entire tBuOK/THF solution was added 36 minutes after the addition began. By this point 
the solution was bright orange, but not quite the right color. A couple more drops of 
tBuOK was added straight to the reaction mixture, with a full minute between each drop. 
The total amount of additional tBuOK needed was about 0.5 mL, leading me to think that 
the mole equivalence of tBuOK should be increased for polymerizations. After letting 
the reaction stir for 2 hours at It was sometimes necessary to inject several mL of 
anhydrous THF every couple of minutes, as the reaction solvent kept evaporating. In the 
last 2-3 minutes of adding the tBuOKiTHF solution the mixture changes color from a 
creamy white to dark orange or red. The solution was stirred for 2 hours at 55°C, and 
then removed from heat. One of the rubber septa was removed and the red-orange 
solution was poured into at least 400 mL of vigorously stirring methanol to precipitate the 
polymer. After letting the mixture stir overnight it was Buchner filtered to collect the red 
flakes of polymer, while the filtrate came out as a light green color. Before collection the 
polymer was washed with acetone to remove any remaining monomer or lower molecular 
weight polymers. Upon drying the polymer broke into easily collected flakes.
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Sample SO-PPV1 reaction #6. 0.101 g of 20% PPV-Br polymer (0.050 mmol, 1 
eq) was added to a 10 mL RB flask along with 6 mL of xylenes. 0.019 g of 
hydroxyspirooxazine (0.060 mmol, 1.2 eq), 0.048 g K2CO3 (0.348 mmol, 7 eq), and a stir 
bar were added to the flask, which was then set to heat at 150°C with a condenser under 
inert atmosphere. The reaction was allowed to run for 7-9 days, at the end of which the 
reaction changed from orange to dark green-orange. The solution was poured into 250 
mL MeOH and allowed to stir overnight. The dark-red precipitate was Buchner filtered 
to collect bright red polymer flakes.
Alkyne Polymer Reaction for 50% PPV-Br. A 3 neck 250 mL flask set up with 
a 50 mL addition funnel on one of the side arms was flame-dried twice under argon and 
then set up on a condenser under inert atmosphere. 0.050 g of 50% PPV-Br was 
dissolved in 100 mL anhydrous THF through vigorous stirring and sonication, and then 
added to the reaction flask via syringe. This reaction mixture was then heated to 65°C.
1.42 mL propargyl alcohol (24 mmol, maintaining 0.012 M) and 3.03 mL tBuOK (X 
mmol, maintaining 0.025 M) along with 5 mL anhydrous THF were added to the addition 
funnel via syringe. This mixture of THF/tBuPOK/propargyl alcohol was then added 
dropwise to the reaction mixture, then an additional 5 mL of anhydrous THF was used to 
wash down the sides of the addition funnel. After complete addition, the reaction was a 
cloudy orange color. After stirring for 48 hours, the reaction was removed from heat, 
most of the THF was evaporated off and the remainder was poured into 600 mL MeOH. 
Bright red polymer flakes were precipitated and allowed to stir overnight, then collected 
via Buchner filtration.
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SO-PPV2 Reaction for Products A & B. A 3-neck 100 mL RB flask with 
stirbar was flame-dried twice under argon, then set up with a condenser and nitrogen 
atmosphere. 0.058 g of 50% alkyne-functionalized PPV (0.008 mmol, 1 eq) was 
dissolved in 15 mL of anhydrous THF and added to the RB flask via syringe. 0.083 g of 
azidospirooxazine (0.016 mmol, 2 eq) was dissolved in 20 mL THF in a separate vial, 
then also added to the reaction flask via syringe. 5 mg of (+) sodium L- ascorbate 
(0.0008 mmol, 0.1 eq) and 1 mg of copper (II) sulfate (0.00016 mmol, 0.02 eq) was then 
added to the reaction mixture and set to heat at about 65°C. After 3 days the reaction 
solvent had been evaporated; before the polymer was burned too badly it was able to be 
mostly dissolved again in THF. After 2 more hours of stirring in THF the reaction was 
removed from heat and the THF rotovapped off. A majority of the polymer was then 
dissolved and diluted with 200 mL of DCM and poured into a 500 mL sep funnel; not all 
of the polymer fully dissolved, however. The organic layer was washed once with 1 M 
HC1 and once with 1 N NH4OH. The organic layer never changed from its orange color, 
while both aqueous layers took on an orange tint. With both washings frothy light 
emulsions appeared between the two layers that simply dissipated over time. After these 
two washings there was still undissolved polymer that was starting to block up the 
separation funnel. The undissolved polymer was then filtered out and air dried via 
Buchner filtration, forming product SO-PPV2 product B. The remaining filtrand was put 
back into the separation funnel to wash with brine, then the organic layer was dried with 
magnesium sulfate and the DCM evaporated via rotary distillation to give an oily dark 
orange SO-PPV2 product A.
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SO-PPV2 Reaction for Product C. A 3-neck 100 mL RB flask with stirbar was 
flame-dried twice under argon, then set up with a condenser and nitrogen atmosphere.
0.090 g of 50% alkyne-functionalized PPV (0.014 mmol, 1 eq) was dissolved in 15 mL of 
anhydrous THF and added to the RB flask via syringe. 0.124 g of azidospirooxazine 
(0.0.028 mmol, 2 eq) was dissolved in 20 mL THF in a separate vial, then also added to 
the reaction flask via syringe. 5 mg of (+) sodium L- ascorbate (0.0008 mmol, 0.1 eq) 
and 1 mg of copper (II) sulfate (0.00016 mmol, 0.02 eq) was then added to the reaction 
mixture and set to heat at about 70°C for 48 hours. Most of the THF was boiled off, and 
the remaining THF/polymer mixture was poured into 600 mL MeOH to precipitate the 
polymer. Most polymer precipitation was stuck to the stir bar; while the MeOH was 
Buchner-filtered, the polymer from the stir bar was also scraped off and air dried to give 
SO-PPV product C.
SO-PPV2 Reaction for Products D, E, and F. A 3-neck 100 mL RB flask with 
stirbar was flame-dried twice under argon, then set up with a condenser and nitrogen 
atmosphere. 0.050 g of 50% alkyne-functionalized PPV (0.008 mmol, 1 eq) was 
dissolved in 15 mL of anhydrous THF and added to the RB flask via syringe. 0.070 g of 
azidospirooxazine (0.016 mmol, 2 eq) was dissolved in 20 mL THF in a separate vial, 
then also added to the reaction flask via syringe. 5 mg of (+) sodium L- ascorbate 
(0.0008 mmol, 0.1 eq) and 1 mg of copper (II) sulfate (0.00016 mmol, 0.02 eq) was then 
added to the reaction mixture and set to heat at about 70°C. After 48 hours the reaction 
was taken off heat. About 10 mLs of the resulting solution was taken out and poured into 
400 mL of MeOH to precipitate, while the rest of the solution underwent the same
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workup as in SO-PPV2 procedure for products A and B, effectively forming products D 
and E. For the precipitation reaction, it seemed that nothing precipitated out at all; 
whatever could be Buchner-filtered remained stuck to the filter paper and had to be 
dissolved off using DCM and THF. After both these solvents were evaporated off, all 
that was left was slightly oily product E.
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Figure 48 -  *H NMR Spectrum of 40% alkyne-PPV, First Attempt
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Figure 49 - NMR Spectrum of 40% Alkyne-PPV, Second Attempt
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Figure 50 - NMR Spectrum of 40% Alkyne-PPV, Second Attempt, 2.0 -  4.3
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Figure 51 - *H NMR Spectrum of S0-PPV2 Product B, 6.5-8 ppm
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Figure 52 - !H NMR Spectrum of SO, 6.5-8 ppm
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Figure 53 -  lH NMR Spectrum of l-(10-bromodecyloxy)-4-methoxybenzene [4]
71
•tii
r? m
if?* Iftf. ifl “3; ** '^4.
M 'T*, Hn B» :**•' *N
ft*  it?-; i&t :K  $ *
•«• O ....
:8J: tjfi ■ UB « l
as ?s <* *? <*
«« RM ** m  <IS W AX feu 4* «« I#*
f f  ffi 3S ffii t t  A  f l  83
lb  m  4$ «• iW ' w  *■ aft
*ft <ifii »  -srt «4 F!> <3* - t t  *£[
r  **» 
«■ is  
#  <«•
I <*» iA ■-**-& <2 *S m- ;33
i f t  O - Ut N£ Ml^ ^ ^ ^ i# **.<+ i# Ok. 40. to j& ■<&■
r at •»? &  m  3? »* * *  sh ^  *** ^  *3  ^  «« ••** •«*•
i w: <** i s  arv a* fts. i s  *  •«. 9«r p£ e* <r? w  s> •»
: ^  k  * .  * * « »  *T; m  »» s> t a  pm a*
Figure 54 -  13C NMR Spectrum of l-(10-bromodecyloxy)-4-methoxybenzene [4]
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Figure 55 -  !H NMR Spectrum of l-(10-bromodecyloxy)-2,5-bis(bromomethyl)-4-
methoxybenzene [1]
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Figure 56 -  13C NMR Spectrum of l-(10-bromodecyloxy)-2,5-bis(bromomethyl)-4-
methoxybenzene [1]
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Figure 57 -  *H NMR Spectrum of l,4-bis(bromomethyl)-2,5-bisdecyloxy benzene [2]
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Figure 58 -  13C NMR Spectrum of l,4-bis(bromomethyl)-2,5-bisdecyloxy benzene [2]
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Figure 59 - !H NMR Spectrum of Polymer 1 (25% PPV-Br)
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Figure 60 - !H NMR Spectrum of Polymer 3 (20% PPV-Br)
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Figure 61 - !H NMR Spectrum of Polymer 7 (9% PPV-Br)
79
Figure 62 - *H NMR Spectrum of Polymer 7 (9% PPV-Br), vs -  2000
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Figure 63 - *H NMR Spectrum of Polymer 12 (40% PPV-Br)
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Figure 64 - !H NMR Spectrum of Polymer 13 (50% PPV-Br)
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Figure 65 -  lH NMR Spectrum of 1-azidohexane
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Figure 66 - 13C NMR Spectrum of 1-azidohexane
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Figure 67 - *H NMR Spectrum of 9’-(4-bromobutyl)-spirooxazine.
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Figure 68 - 13C NMR Spectrum of 9 ’-(4 -bromobutyl)-spirooxazme.
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Figure 69 - !H NMR Spectrum (4-azidobutoxy)-spirooxazine
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Figure 70 - 13C NMR Spectrum of (4 -azidobutoxy)-spirooxazine
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Figure 71 - *H NMR Spectrum of Click Trial Product after 48 hrs
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Figure 73 - rH NMR Spectrum of Click Trial Product after 96 hrs
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Figure 74 - NMR Spectrum of 50% Alkyne-fimctionalized PPV, 1.8-4.2 ppm
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Figure 75 - lH. NMR Spectrum of SO-PPV2 Product B
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Figure 76 - *H NMR Spectrum of SO-PPV2 Product B, 2.5-5.5 ppm
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Figure 77 - !H NMR Spectrum of S0-PPV2 Product C
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